Many safeguards are in place to prevent a cell from undergoing oncogenic transformation. For example, an average of 14 separate cancer-promoting mutations are required for formation of breast or colon cancer (70) . The mechanisms that underlie cancer formation are complex, however, since the low rate of mutation in normal human cells should essentially preclude the independent acquisition of so many mutations. Genome instability may explain this apparent paradox, since early mutations that compromise DNA repair can accelerate the acquisition of subsequent mutations (3) . Consistent with this, both DNA repair defects and chromosomal instability are extremely common among highly malignant cancers. However, the cause-and-effect relationships between oncogenesis and genomic instability are not clear, and genetic mutation is not the only mechanism by which stable alteration of gene expression can occur.
It has become increasingly clear that epigenetic alterations, those changes in gene expression brought about by altered chromatin context rather than DNA sequence mutations, can also contribute to oncogenic transformation. For example, hypermethylation of DNA in CpG-rich promoter regions can silence tumor suppressor genes. Similarly, expression levels of histone methyltransferases, histone acetyltransferases, and histone deacetylases are frequently altered in cancer cells, as are global levels of histone acetylation and methylation (20, 30, 67) . Recently nucleosome positioning was also implicated in oncogenesis, with the demonstration that heritable changes in nucleosome occupancy culminate in epigenetic silencing of tumor suppressor genes (36) . The degree to which epigenetic changes can substitute for genetic instability is unclear, particularly during the genesis of highly aggressive cancers. Indeed, while diploidy is relatively common in early benign tumors and is found occasionally among low-grade malignant tumors, it is quite rare among highly malignant cancers.
SWI/SNF complexes represent a novel link between epigenetics and tumor suppression. These complexes utilize the energy of ATP hydrolysis to alter nucleosome positions and remodel chromatin. This activity contributes to the transcriptional regulation of numerous target genes by regulating access of the transcriptional machinery to target DNA sequences. Human SWI/SNF complexes are evolutionarily conserved and are comprised of a SWI2/SNF2 family ATPase (either BRG1 or BRM), common core subunits (SNF5, BAF155, and BAF170), and four to eight subunits that vary by cellular lineage (55) . Transcriptional regulation by SWI/SNF has been implicated in the control of proliferation and differentiation in multiple tissues (16) . Specific biallelic inactivation of SNF5 is present in the large majority of malignant rhabdoid tumors (MRTs), and inherited mutation of SNF5 also forms the basis of a familial cancer predisposition syndrome (8, 9, 58) . MRTs are highly aggressive pediatric cancers that occur in kidney, brain (where they are referred to as atypical teratoid/rhabdoid tumors), and soft tissues ("extrarenal rhabdoid tumors") (64) . These tumors are poorly differentiated, nearly always locally invasive, and frequently metastatic. As a result, the large majority of children die of their disease, most within 1 year of diagnosis. Mutation of SNF5 has also recently been implicated in the genesis of epithelioid sarcomas and in familial schwannomatosis (26, 39) . Mouse models have confirmed that Snf5 is a tumor suppressor, since heterozygous mice are tumor prone and biallelic conditional inactivation leads to rapid cancer formation with 100% penetrance (23, 32, 53, 54) . The 11-week median cancer onset following inactivation of Snf5 in mice is remarkably rapid for the inactivation of a single gene and indicates a critical role for Snf5 in preventing cancer. In comparison, p53 loss leads to cancer at 20 weeks, p19
Arf loss at 38 weeks, and p16
Ink4a loss at 60 weeks (17, 25, 57) . In addition to SNF5, the BRG1 ATPase subunit also has tumor suppressor activity, since specific mutations or loss of expression of BRG1 have been identified in lung, pancreatic, breast, and prostate cancer cell lines and primary tumors and mice haploinsufficient for Brg1 are predisposed to a low rate of breast tumors (11, 15, 38, 50, 69) . Additionally, loss of the BAF180 subunit has been implicated in human breast cancer, while mice deficient in the Brm ATPase subunit have defective growth regulation (11, 51, 72) .
While members of the SWI/SNF complex display potent tumor suppressor activity, the underlying mechanism is unclear. It is unknown whether this activity is exerted genetically via maintenance of genome integrity or epigenetically via transcriptional regulation. Since other SWI2/SNF2 family ATPdependent chromatin remodelers, such as INO80, SWR1, and RAD54, have been linked to DNA repair and maintenance of genomic integrity (19, 40, 46, 59, 63, 71) , a role for the Swi/Snf complex in these activities has been explored. Several studies have suggested that the Swi/Snf complex is involved in DNA repair (12, 24, 33, 47) .
Given that SNF5 is mutated in human cancers and in a cancer predisposition syndrome, that conditional inactivation of Snf5 leads to the rapid onset of highly malignant cancers in all mice, and that SNF5 is a core member of a complex that contributes to regulation of chromatin structure, we sought to evaluate whether its tumor suppressor activity arises from a role in DNA repair and maintenance of genome stability or whether it arises from epigenetic activity. Based upon preliminary results that did not reveal defective DNA repair in the absence of SNF5, we hypothesized that its tumor suppressor activity is mediated epigenetically. Here we have used conditional genetic models to specifically inactivate Snf5 and confine our observations to the time period immediately after cells have lost the Snf5 protein but before secondary effects associated with impaired growth occurred. We show that loss of Snf5 does not affect the response to DNA damage or the completion of DNA repair. Snf5-deficient primary mouse embryonic fibroblasts (MEFs) are not hypersensitive to DNA damaging agents, induce ␥H2AX damage foci with normal kinetics, and have an intact DNA damage checkpoint. We further demonstrate that both mouse and human SNF5-deficient tumors are typically diploid and use high-density single-nucleotide polymorphism (SNP) arrays to reveal that, unlike other pediatric CNS tumors, human MRTs generally lack genomic deletions, amplifications, or microsatellite instability. Lastly we show that epigenetically driven changes in the expression of the key target cyclin D1 correlate strongly with the tumor phenotype. These results demonstrate that disruption of a chromatin remodeling complex can eliminate the selective pressure for genomic instability to occur in the genesis of aggressive cancer. These findings have important therapeutic implications since, unlike genetic mutations, epigenetic alterations are potentially reversible. Given the lack of confounding genomic alterations, Snf5-deficient cancer may constitute an ideal model with which to study epigenetic contributions to oncogenic transformation.
MATERIALS AND METHODS
Snf5 inactivation. Primary MEFs were harvested from E13.5 embryos. Cre was introduced into cells via adenoviral or retroviral infection. Excision of Snf5 was achieved with adeno-Cre (Ad5CMV-Cre; University of Iowa Gene Transfer Vector Core) at a multiplicity of infection of 150. For some experiments, pBabepuro r -Cre retroviral supernatant was used instead to infect MEFs two times at 4-h intervals. Cells were stably selected in medium containing puromycin (2.5 g/ml) 48 h after infection.
Immunoblots. For fractionation experiments, chromatin-bound and soluble protein fractions were biochemically separated from whole-cell lysates by a 5-min incubation in KLB buffer on ice (150 mM NaCl, 50 mM Tris, 4 mM EDTA, 0.1% NP-40, 0.1% Triton) followed by a 3-min centrifugation at 5,000 ϫ g. The soluble supernatant was removed, and the chromatin pellet was treated with DNase I (Worthington Biochemical Corporation) for 30 min at 37°C. For Western blots, cells were harvested, washed with 1ϫ phosphate-buffered saline (PBS), and lysed in RIPA buffer. Protein concentrations were determined using a Bradford reagent (Bio-Rad). After the samples were separated via sodium dodecyl sulfatepolyacrylamide gel electrophoresis, the proteins were transferred to a polyvinylidene difluoride membrane (Millipore) and blocked in PBS-Tween containing 5% milk. Antibodies included anti-SNF5/BAF47 (BD Biosciences and Bethyl Laboratories); anti-Brg1, -p21, -c-jun, and -histone H1 (Santa Cruz Biotechnology); anti-phosphorylated Chk1 (Bethyl Laboratories); anti-phosphorylated ATM and anti-phosphorylated p53 (Cell Signaling); and anti-phosphorylated H2AX and anti-phosphorylated histone H3 (Upstate). Primary antibodies were detected with horseradish peroxidase-conjugated secondary antibodies (Jackson Immunoresearch). Proteins were visualized using enhanced chemiluminescence.
Immunofluorescence. Cells were incubated on ice in prepermeabilization buffer (0.5% Triton X-100, 20 mM HEPES [pH 7.9], 50 mM NaCl, 3 mM MgCl2, 300 mM sucrose) fixed with 2% paraformaldehyde for 20 min and 100% methanol for 10 min, and blocked with 4% bovine serum albumin in PBS. Primary and secondary antibody incubations were done in 4% bovine serum albumin in PBS. Antibodies and dilutions used in this study include anti-Snf5, 1:500 (SigmaAldrich); anti-phosphorylated H2AX (serine 139), 1:10,000 (Upstate); anti-Brg1, 1:200 (Santa Cruz Biotechnology); anti-histone H3 (trimethylated on lysine 9), 1:500 (Upstate); anti-heterochromatin protein 1␤ (HP1␤), 1:7,500 (Chemicon); Alexa Fluor 488 goat anti-rabbit immunoglobulin G, 1:1,000 (Molecular Probes); and Cy3 goat anti-mouse antibody, 1:500 (Jackson Immunoresearch). DNA was stained with 1 mg/ml Hoechst 33342 dye (Invitrogen).
Drug sensitivity assays. Primary MEFs were seeded into a 96-well plate at a concentration of 1 ϫ 10 4 cells/well 56 h after Adeno-Cre transduction and treated with cisplatin, etoposide, (NovaPlus), or UV radiation (StrataLinker; Stratagene Corp, La Jolla, CA) at the appropriate concentrations/amounts. Proliferation was measured 24 h after cisplatin treatment, 48 h after etoposide treatment, and 72 h after UV exposure using the WST-1 reagent (Roche) and a microplate spectrophotometer (Bio-Rad Benchmark Plus).
Cell cycle analysis. Primary MEFs were fixed by the dropwise addition of cold 70% ethanol. The cells were then permeabilized with 0.25% Triton and incubated with phosphorylated histone H3 (serine 10) antibody (Santa Cruz Biotechnology), followed by incubation with fluorescein isothiocyanate-conjugated secondary antibody (Jackson Immunoresearch). Flow cytometric analysis was performed using a CantoII (Becton Dickinson) machine, and data were analyzed using the FlowJO Software program (Tree Star).
SNP analysis. Snap-frozen tumor samples were obtained from brain tumor resections collected at Children's Hospital Boston, Children's Hospital of Philadelphia, and St. Jude's Research Hospital for Children under approval from their respective Institutional Review Boards. Matched normal blood samples were collected through the Children's Hospital Boston under approval from the Institutional Review Board. The rhabdoid tumor cell lines TM87, 2004 , and A204 were obtained from American Type Culture Collection and maintained in culture under conditions as previously published. All genomic DNA was prepared using the Puregene DNA extraction kit (Gentra Systems, Minneapolis, MN) according to the manufacturer's instructions.
Genomic DNA from 16 rhabdoid tumors and 16 medulloblastomas was applied to Affymetrix GeneChip Mapping 250K SNP arrays using the 96-well plate protocol per the manufacturer's protocols. An additional three primary rhabdoid tumor samples and the three rhabdoid tumor cell lines (A204, TM87, and 2004) were applied to the Affymetrix 6.0 SNP microarray. Plates were scanned on the GeneChip Scanner 3000 (Hewlett-Packard, Palo Alto, CA), and the Affymetrix Genotyping Tools 2.0 software program was used to examine the SNP hybridization patterns and to make SNP calls of all loci in each samples. Probe-level signal intensities were normalized to a baseline array with median intensity using invariant set normalization (34) . All samples passed a minimum of 85% positive SNP calls. Genomic Identification of Significant Targets in Cancer (GISTIC) analysis was performed as previously described (4) . Copy number gains and losses were also catalogued by direct visualization of the data using the SNP viewer module on GenePattern software (freely available at www.broad.mit.edu /software/GenePattern). For visualization, gains were defined as Ͼ2.8 copies and losses defined as Ͻ1.2 copies spanning multiple consecutive SNPs.
Expression array. Snap-frozen primary tumor samples were obtained from Children's Hospital Boston as described above under approval from the Institutional Review Board. Total RNA was isolated using RNA Trizol per the manufacturer's protocol. RNA was applied to Affymetrix U133A2 arrays, and CEL files were preprocessed using the robust multichip average algorithm (27) . Arrays were visualized with both the GenePattern and GeneSpring GX 7.3.1 (Agilent, Santa Clara, CA) software programs.
RESULTS
Intact DNA repair in the absence of Snf5. Phosphorylation and recruitment of the histone variant H2AX to damaged sites is an immediate event following DNA damage, occurring within minutes (48, 56) . To investigate whether Snf5 colocalized with ␥H2AX at sites of DNA damage, we exposed wildtype (WT) primary mouse embryonic fibroblasts (MEFs) to ionizing radiation (IR). At 1 h post-IR, although we identified clear induction of ␥H2AX foci at sites of DNA damage, Snf5 did not colocalize with these foci (Fig. 1A) . We next examined whether the distribution of Snf5 or the Swi/Snf ATPase Brg1 was altered following IR. Immunofluorescence of Brg1 and Snf5 revealed no change in the pattern of either protein (Fig.  1B) . Since chromatin remodeling complexes such as ISWI have been shown to be specifically involved in aiding progression of the DNA replication machinery through heterochromatin (10, 14) , we investigated whether Swi/Snf subunits relocalized to heterochromatic foci after DNA damage to facilitate access to damaged heterochromatin. Snf5 and Brg1 do not relocalize to heterochromatic foci, demarcated by histone H3 trimethylated on lysine 9 (H3K9me 3 ) and heterochromatin protein 1, in response to IR (Fig. 1B) . We also evaluated whether Snf5 or Brg1 showed increased expression or altered affinity for chromatin following DNA damage. Following exposure of cells to UV, IR, or doxorubicin, the chromatin-bound and soluble protein fractions were separated and analyzed by Western blotting. Neither Brg1 nor Snf5 expression was altered in response to UV, IR, or doxorubicin, and neither became more tightly associated with chromatin ( Fig. 1C and D) .
Although Snf5 does not colocalize with ␥H2AX at damage foci, we sought to determine whether loss of Snf5 would impair the kinetics of the DNA damage response. Snf5-conditional MEFs were exposed to Cre recombinase to ablate Snf5 ( Fig.  2A) . While cells that lack the Snf5 protein are initially viable, they begin to lose proliferative capacity 5 days following exposure to Cre and the majority succumb to cell death by 7 days (28). Since lack of proliferation would be scored as defective DNA repair in some assays, we monitored viability and performed these experiments soon after Snf5 protein loss in order to avoid confounding effects due to the secondary arrest phenotype. We thus used immunoblotting to monitor Snf5 expression and performed all experiments during the 3-day window when Snf5 was no longer detectable but cells remained viable and proliferative. Primary WT or Snf5
Flox/Ϫ MEFs were infected with pBabe-Cre, selected in puromycin, and examined for their ability to induce ␥H2AX expression following IR. Recruitment of ␥H2AX to sites of DNA damage was not impaired in Snf5-deficient cells (Fig. 2B ). In addition, the absence of Snf5 had no discernible effect upon the kinetics of ␥H2AX induction, as assessed by both Western blotting for ␥H2AX and quantification of ␥H2AX foci by immunofluorescence (Fig. 2B, C, and D) . Further, loss of the Snf5 protein did not result in any increase of ␥H2AX expression, suggesting that Snf5 loss does not lead to damage (Fig. 2C and D) . In both WT and Snf5-deficient cells, ␥H2AX levels peaked at 1 h post-IR and decreased over time, falling to the levels of unirradiated cells by 12 h. Together these results suggest that Snf5 does not participate in the initial cellular response to DNA damage nor does Snf5 loss affect the kinetics of double-strand break (DSB) repair.
Other DNA damaging agents can also be used to test for deficiencies in DSB repair and other DNA repair pathways. Alkylated, abasic, or UV-damaged DNA is repaired by the nucleotide excision repair and base excision repair pathways, while drug-induced DSBs are repaired by nonhomologous end joining. To investigate whether Snf5 loss specifically affected these repair pathways, we exposed WT and Snf5-deficient cells to UV (cross-links), cisplatin (alklyation), and etoposide (DSBs). Unlike the loss of other mammalian chromatin remodelers, such as components of the INO80 complex (71), loss of Snf5 had no effect upon the proliferative response to any of the tested DNA damaging agents (Fig. 3) .
Intact DNA damage checkpoint in Snf5-deficient cells. The normal induction of ␥H2AX observed in Snf5-deficient cells does not exclude a DNA damage checkpoint defect. Therefore, we investigated whether Snf5 contributes to DNA damage checkpoints. Activation of the ATM (ataxia-telangectasia mutated) and ATR (ataxia-telangectasia-related) kinases are critical for initiation of the DNA damage checkpoint. To investigate whether Snf5-deficient cells displayed defects in initiating the DNA damage signaling response, we exposed WT and Snf5-deficient cells to IR and immunoblotted for activated ATM (phospho-serine 1981). Snf5-deficient cells displayed normal activation of ATM (Fig. 4A) . Following their activation in response to DNA damage, the ATM and ATR kinases in turn phosphorylate and activate the Chk1 kinase and p53. We found that phosphorylation of Chk1 (serine 317) and p53 (serine 18) was intact in Snf5-deficient MEFs following expo-VOL. 28, 2008 SNF5 LOSS LEADS TO CANCER WITHOUT GENOMIC INSTABILITY 6225 sure to IR (Fig. 4A) . Finally, we found that Snf5 loss did not impair the ability of p53 to induce p21 (Fig. 4A) .
Since the results indicated that initiation of the DNA damage response was intact, we next tested whether Snf5-deficient cells could appropriately activate the G 2 checkpoint in order to prevent mitotic entry following exposure to IR. The mitotic index is easily monitored by flow cytometric analysis of phosphorylated histone H3 (pH3), a marker of mitotic cells. Snf5-deficient cells were able to appropriately prevent entry into mitosis following IR-induced DNA damage, indicating that the G 2 checkpoint was intact (Fig. 4B) . Both WT and Snf5-deficient cells reentered the cell cycle following completion of repair, as indicated by the increase in pH3-positive cells at 6 h post-IR (Fig. 4C) . To further investigate mitosis in the Snf5-deficient cells, we fixed and immunostained WT and Snf5-deficient MEFs for microtubules (DM1␣) and for chromosomes (4Ј,6Ј-diamidino-2-phenylindole). The Snf5-deficient cells displayed normal mitoses, and importantly, they displayed normal spindle assembly and normal anaphase (see Fig. S1 in the supplemental material).
SNF5-deficient cancers are diploid and genomically stable. Since defects either in the DNA damage response or in DNA repair frequently result in genome instability, we evaluated the DNA content of Snf5-deficient tumor cells. MRT is an aggressive and highly lethal cancer of early childhood that is poorly responsive to both chemotherapy and radiation. Intriguingly, studies of small series of MRTs or MRT cell lines have suggested that these cancers are sometimes diploid by karyotype or comparative genomic hybridization (CGH) analysis (5, 18, 52, 68) . Notably, we previously detected a small increase in polyploidy in primary MEFs following the inactivation of Snf5 (28) . Since polyploidy has been proposed to be a precursor to The affinity of Snf5 for chromatin is unchanged following DNA damage. Chromatin-bound (C) and soluble (S) protein fractions were biochemically separated from whole-cell lysates using a detergent buffer containing 0.1% Triton and 0.1% NP-40 1 h after damage. The distribution of Snf5, histone H1 (chromatin marker), and c-jun (soluble nuclear marker) was analyzed by Western blotting. DNA damage conditions are as described for panel C.
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on February 23, 2013 by PENN STATE UNIV http://mcb.asm.org/ both aneuploidy and oncogenesis, we sought to determine whether this effect contributed to oncogenesis in the absence of Snf5. To investigate whether Snf5-deficient tumors were prone to chromosomal aberrations, we first performed chromosome counts on six immunopurified Snf5-deficient murine T-cell lymphomas and on a cell line derived from a seventh lymphoma. In all cases, including the cell line, the predominant populations were diploid and lacked visible breakage, translocations, and dicentric chromosomes, suggesting a lack of genomic instability (see Table S1 in the supplemental material). In order to definitively examine the requirement for SNF5 in the maintenance of genomic stability, we next evaluated the genome of human MRTs at high resolution by utilizing high-density SNP arrays, since they allow for detailed assessment of much smaller amplified or deleted regions than current array CGH technology. To identify specific chromosomal aberrations contributing to MRT onset, we subjected the DNA from 16 primary human rhabdoid tumors to genome-wide SNP analysis using the 250K Affymetrix SNP array. DNA from 16 primary medulloblastomas (another pediatric brain cancer) and nine normal peripheral blood samples were included as controls. The SNP array data revealed a striking lack of genomic instability in the MRTs. While the medulloblastomas, as is typical of aggressive cancers, displayed numerous amplifications and deletions, MRTs displayed no recurrent amplifications or deletions other than at the SNF5 locus itself (chromosome 22) (Fig. 5A) . Indeed, out of 16 tumors, only 2 had other abnormalities that were clearly distinct from copy number variation present in normal blood samples, 1 with a partial deletion of chromosome 1 and the other with a partial deletion of chromosome 19. While deletions at the SNF5 locus were common (12 of 16 samples), not all tumors displayed copy number loss, consistent with the fact that some rhabdoid tumors lose SNF5 function via point mutations and others lack coding region/promoter mutations and may be silenced epigenetically (7). Recently we were able to utilize the new Affymetrix genome-wide human SNP array 6.0, containing 900,000 SNPs and an additional 940,000 copy number probes, to analyze the genomic profile of three additional MRTs. Consistent with the prior 250K array data, the higher-resolution array showed remarkably normal results, with only one sample displaying two deletions ( (Fig. 5B) . We next used GISTIC (4) to search for small deletions or amplifications that could be cooperating with SNF5 loss in oncogenesis. The only genomic change identified with a minimum false discovery rate (q value) of less than 0.05 was deletion of SNF5 itself (q ϭ 10 Ϫ24 ), suggesting either that MRTs lack recurrent deletions/amplifications that cooperate with SNF5 loss in oncogenesis or that cooperating deletions/amplifications are rare (Fig. 5C) . Collectively, these data demonstrate that despite their highly malignant nature, MRTs are diploid and lack genomic instability.
Given the lack of genomic alterations, we sought to evaluate whether epigenetically induced changes in gene expression may underlie oncogenesis following Snf5 loss. Snf5 regulates the transcription of cyclin D1 by directly binding to its promoter (74) . Cyclin D1 promotes cell cycle progression, and its overexpression can contribute to oncogenic transformation (29, 37) . Previously, examination of six human MRT samples found that all expressed cyclin D1 at high levels (21, 74) . In our tumors, there were no copy number alterations of the cyclin D1 locus detected by the SNP array analysis. In order to determine whether increased expression correlates with the rhabdoid tumor phenotype, we compared cyclin D1 transcript levels in MRTs, medulloblastomas, and normal cerebellum. Cyclin D1 was upregulated in all MRTs, while it was expressed at high levels in only a few medulloblastoma cases (P Ͻ 10 Ϫ13 ) (Fig.   6 ). This effect was specific, since other cyclins were not similarly upregulated, and likely a critical step in tumorigenesis since cyclin D1 ablation prevents proliferation of human MRT cell lines and tumor formation in Snf5 ϩ/Ϫ mice (1, 62). We searched for additional oncogenes that displayed specific gene expression changes in MRTs and found that expression of c-Myc was elevated in 10 out of 11 (91%) MRTs compared to 24 out of 56 (42%) medulloblastomas (Fig. 6 ). c-myc is a classic oncogene that is frequently activated by either genomic amplification or chromosomal translocation. The SNP results rule out amplification, and while SNP analysis is insensitive to balanced translocations, we are not aware of such a translocation ever being found in MRTs. In contrast, the SWI/SNF complex binds directly to the c-myc promoter and is required for its transcriptional repression during differentiation (43, 44) . Taken together, these results suggest that epigenetically based transcriptional changes are essential for the tumor suppressor activity of SNF5. (75) were included as a positive control for sensitivity to etoposide-induced DSBs, and immortalized Rad18-deficient MEFs (61) were included as a positive control for sensitivity to UV-induced cross-links and cisplatin-induced alkylation. Data are presented as the ratio of the absorbance of treated cells to untreated cells of each genotype and are the means Ϯ standard errors for at least three independent experiments using MEFs isolated from different embryos. Snf5 Fl/Fl, Snf5
Flox/Flox . (B) Western blot of Snf5 protein levels at the beginning of the assay, 56 h after Adeno-Cre infection (start), i.e., the time point when DNA damaging agents were added to the cells, and at 24, 48, and 72 h after plating, i.e., the time points when cellular proliferation was measured after DNA damage.
6228
on February 23, 2013 by PENN STATE UNIV http://mcb.asm.org/ DISCUSSION Genomic instability caused by defects in DNA repair and the DNA damage response is a common feature of many tumor cells. Epigenetic changes can also contribute to oncogenic transformation. However, the extent to which epigenetic changes can substitute for chromosomal instability is unclear, since highly malignant cancers are rarely diploid. Inactivation of SNF5 leads to aggressive tumors in children, and the median cancer onset fol- lowing Snf5 loss in mouse models is remarkably short for inactivation of a single tumor suppressor. We hypothesized that the tumor suppressor activity of SNF5 arose not from a role in DNA repair or maintenance of genome integrity but rather from its role in the epigenetic control of gene expression.
Here we have demonstrated that loss of a gene involved in chromatin remodeling leads to aggressive cancers that lack other genomic aberrations. We show that Snf5 does not play a direct role in the DNA repair process or in the DNA damage response. Snf5 does not colocalize with DNA damage-induced ␥H2AX foci, its loss does not impair formation or resolution of ␥H2AX foci, and its loss does not confer sensitivity to DNA damaging agents that cause cross-links or DSBs. Furthermore, the DNA damage response is also intact, as indicated by normal phosphorylation of ATM, Chk1, and p53 and normal induction of p21, culminating in a G 2 arrest following IR. Thus, we conclude that the mechanism of tumor suppression by SNF5 does not involve regulating the accessibility of damaged DNA to repair factors or initiating a proper DNA damage response.
Mammalian cells contain more than 20 SWI2/SNF2-related genes, and some of these, including INO80, SWR1, and RAD54, have been implicated in the execution of chromatin remodeling associated with DNA repair. Our results are in contrast to those in previous studies for which increased sensitivity to DNA damage in cells with conditionally inactivated Snf5 or overexpressed dominant-negative Brg1 was reported (33, 47) . The reason for this discrepancy is not clear, although it may lie in the toxicity of these events. Both Snf5 inactivation and overexpression of dominant-negative BRG1 result in impaired proliferation after 5 days, making it difficult to interpret cellular responses to other stimuli. Once cellular viability begins to be impaired, cells may display reduced proliferation compared to normal cells when exposed to toxic agents (65) .
We performed experiments early after Snf5 protein loss but before secondary effects upon growth had occurred (28, 33) in order to better distinguish sensitivity to DNA damaging agents from the lethal effects of Snf5 deletion. In addition to impaired proliferation, it is conceivable that overexpression of a dominant-negative version of the BRG1 subunit disrupts stoichiometry of the SWI/SNF complex and could cause off-target interactions that affect DNA repair. While we found no direct role for Snf5 in DNA repair nor any alteration of the DNA damage response up to 4 days after Snf5 deletion, it remains possible that some of the 1,400-plus genes whose transcription is affected by Snf5 loss (28) may secondarily affect DNA repair at later time points. Additionally, while we are able to quantitatively remove the Snf5 protein as assessed by immunoblotting, it is conceivable that a small amount of protein remains bound to chromatin and obscures our ability to detect defects in DNA repair. We feel that the latter scenario is unlikely due to the absence of our ability to detect altered localization of Snf5 in response to IR, the absence of colocalization with ␥H2AX, the absence of abnormalities in numerous assays for DNA repair defects, and ultimately the fact that SNF5-deficient tumors are diploid and lack instability. While we have found no evidence of impaired DNA repair processes in Snf5-deficient cells or recurrent genomic amplifications/deletions in MRTs, it is important to note that we cannot rule out the possibility that pro-oncogenic point mutations exist in SNF5-deficient tumors. Doing this will ultimately require genome-wide single molecule DNA sequencing. The intact DNA repair and damage response pathways in Snf5-deficient cells may underlie the surprising lack of genomic aberrations detected by chromosome counts of Snf5-deficient murine tumors and SNP arrays of human MRTs. Thus, we conclude that genomic instability does not account for the early onset and rapid development of SNF5-deficient tumors. Indeed, our data suggest that the epigenetic role of SNF5 in contributing to transcriptional regulation via nucleosome remodeling is the major, and perhaps sole, mechanism by which SNF5 acts as a tumor suppressor. Emerging evidence has implicated the chromatin remodeling activity of SWI/SNF in controlling the balance between cell proliferation and differentiation during development. Via the incorporation of lineagerestricted subunits, the SWI/SNF complex serves highly specific roles in fate determination in many tissues, processes known to go awry during transformation (2, 16, 34, 35, 73) . Loss of Snf5 disrupts developmental progression, alters the expression of numerous target genes, and has been implicated in known tumorigenic events that select for proliferation over differentiation, including specific upregulation of cyclin D1, p16
INK4a silencing, and derepression of E2F targets (6, 13, 22, 28, 31, 45, 66, 74) . Furthermore, we and others have previously shown that Snf5 loss alters the expression of numerous target genes (22, 28, 66) . Thus, deregulation of transcriptional activities of the SWI/SNF complex due to SNF5 loss may be equivalent to multiple genetic changes, which undergo similar selective processes during tumorigenesis. In this model, SNF5 loss may result in "epigenetic instability" due to impaired nucleosome positioning or mobility. Since malpositioned nucleosomes presumably occur at numerous targets, oncogenesis and clonal selection may be dependent upon an individual cell being left with a specific combination of nucleosomes positioned both in silencing positions over tumor suppressor genes and in activating positions away from the promoters of genes that stimulate proliferation and survival. Oncogenic clonal selection, based upon the epigenetic state rather than the genetic state of a cell, may then explain the emergence of malignant cells from the otherwise widespread death caused by SNF5 loss in normal cells.
The epigenetic mechanisms acting in SNF5-deficient cancers likely are relevant to many other tumor types. A small percentage of numerous types of cancers, including acute myeloid leukemia, hepatocellular carcinoma, colorectal cancer, and others, do not exhibit detectable chromosomal or microsatellite instability (41, 49, 60) . Furthermore, while other pediatric solid tumors, such as Wilms' tumor, rhabdomyosarcoma, and Ewing's sarcoma, often have genomic anomalies, 56%, 35%, and 28% of these cancers, respectively, exhibit normal diploid genomes at the resolution of CGH (Progenetix CGH database [http://www.progenetix.de/ϳpgscripts/progenetix/]). In addition, SNP arrays of acute lymphoblastic leukemias recently revealed a low instance of genomic aberrations in MLL-rearranged B-cell lineage acute lymphoblastic leukemia, with an average of one deletion per case. This is noteworthy, since MLL possesses histone methyltransferase activity, directly interacts with SNF5, and is recruited by SNF5 to cooperatively regulate tumor suppressor loci (31, 41, 42) , raising the possibility of a shared epigenetic mechanism between SNF5-mutant and MLL-mutant cancers. Collectively, these findings provide novel insight into the fundamental mechanisms required for oncogenic transformation and raise the intriguing possibility that epigenetic mechanisms can be sufficient to eliminate the need for genome instability during cancer formation.
Unlike genetic mutations, epigenetic changes are potentially reversible, and this may have important therapeutic relevance. FIG. 6 . Cyclin D1 overexpression significantly correlates with the MRT phenotype. Affymetrix U133A2 microarray data from a panel of medulloblastomas, normal cerebellum, and MRTs were visualized using GeneSpring GX 7.3.1 software. Cyclin D1 (CCND1) overexpression significantly correlated with the MRT class (P ϭ 1.74 ϫ 10 Ϫ14 ), in contrast to the expression of other cyclins associated with cell proliferation. Elevated expression of c-myc is evident in 91% of MRT cases compared to 42% of medulloblastomas. Red and blue indicates comparatively high-and low-level gene expression, respectively.
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Early attempts at developing drugs capable of altering the epigenetic state of cancer cells have met with some success, since the DNA methylation inhibitors decitabine and 5-azacytidine have both been FDA approved for the treatment of myelodysplastic syndrome and the histone deacetylase inhibitor vorinostat has been FDA approved for cutaneous T-cell lymphoma. Since the large majority of cancers that arise following SNF5 loss lack genomic aberrations, these tumors may constitute a useful model both which to investigate the mechanisms by which epigenetic changes contribute to oncogenesis and also with which to test therapeutic interventions aimed at reversing the epigenetic state of cancer.
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